INTRODUCTION
In 1945, Darrow and Gamble separately described two infants with metabolic alkalosis and diarrhea from birth (1, 2) . They demonstrated hypochloremia, a high stool chloride concentration, and an absence of chloride in the urine. They termed this syndrome congenital alkalosis with diarrhea. Subsequently, four additional cases have been reported (3) (4) (5) (6) , sometimes under the name of congenital chloridorrhea. In contrast to all other diarrheal states the stool chloride concentration is consistently greater than the sum of the sodium and potassium concentrations.
The pathogenesis of this disorder is not entirely clear. The cation gap in fecal water and the systemic alkalosis suggest the possibility of acid secretion into the gut lumen. One early suggestion was secretion of hydrochloric acid by aberrant gastric mucosa; however, a careful autopsy of Gamble's patient failed to reveal evidence of gastric mucosal remnants anywhere in the small or large intestine (2) . Evanson and Stanbury's extensive balance studies on their patient suggested that chloride absorption was defective, and that chloride ingested orally or secreted into the gut acted as an osmotic cathartic, and thus produced diarrhea. They attributed the alkalosis to potassium and chloride deficiencies incurred by fecal losses of these ions. The low bicarbonate concentration in stool suggested to these workers a defect in the intestinal exchange mechanism which absorbs chloride and secretes bicarbonate (6) . Turnberg recently studied Evanson and Stanbury's patient using an intestinal perfusion technique and noted chloride secretion against a concentration gradient in the ileum (7) .
From the standpoint of normal human physiology and for a better understanding of the pathogenesis of diarrhea, congenital alkalosis with diarrhea is a disorder of special interest and importance. If the disease were due to abnormal secretion, study of this disease might add greatly to our knowledge of human intestinal secretion, previously studied only in sprue (8, 9) , cholera (10) , and acute undifferentiated diarrhea (11) . On the other hand, if the disease were caused by a congenital deletion of a normal absorptive mechanism, study of the disorder would almost certainly enhance our knowledge of normal absorptive processes.
The present report describes ileal perfusion studies on an adult with congenital alkalosis with diarrhea. He is R. A., the patient Darrow originally described in 1945 (1) . He is now 29 yr old and has had lifelong metabolic alkalosis and diarrhea (1-3 liters/day) with stools containing chloride in excess of sodium and potassium. ' Our experiments have revealed two striking abnormalities in R. A.: first, his ileal mucosa is not capable of active chloride absorption; second, when perfused with an electrolyte solution similar to normal intestinal contents, his ileum acidifies rather than alkalinizes this solution. These abnormalities help explain the pathogenesis of congenital alkalosis with diarrhea and also have relevance to normal mechanisms of electrolyte transport.
METHODS
The experiments on R. A. were conducted in April 1970, July 1970 , and February 1971. 15 1-hr perfusion studies were performed on this patient. The control subj ects were normal volunteer men and women, aged 21-40 yr. The triple-lumen perfusion technique was used as described before in detail (12) . The infusion tip was 10 cm above the proximal aspiration site, and the distance between proximal and distal aspiration sites was 30 cm. The nonabsorbable marker was polyethylene glycol (PEG),2 5 g/liter. Studies on R. A. were done with the infusion tip 180-200 cm from the teeth. Studies in normal subj ects were done with the infusion tip 190-230 cm from the teeth. The perfusion rate was 10 ml/min. All solutions (except where noted) were bubbled with 7% C02 for 30 min before and during each study period. All perfusion solutions were isotonic to plasma. Sodium concentrations were 140 mEq/liter except where noted. Sulfate and mannitol were present in some solutions to achieve ionic balance and isotonicity. A balanced electrolyte solution, simulating the electrolyte composition of normal plasma, was used in several experiments.
Electrolyte concentrations were measured by standard methods, and PEG by the method of Hyden (13) . Total C02 was measured using a Natelsonmicrogasometer (Model 600, Scientific Industries, Inc., Springfield, Mass.). pH 'Gorden, P., and H. Levitin. Clinical course, systemic acid-base and balance studies will be described in a manuscript currently in preparation. 2Abbreviations used in this paper: EC, electrochemical; PD, potential difference; PEG, polyethylene glycol. (12) . It was shown previously that the PD between abraded skin and peritoneum is less than 5 mv, so the lumen to skin PD should be nearly equal to the lumen to peritoneum PD (15) . Because of the critical importance of the absolute level of PD in R. A., we also measured the PD between abraded skin and blood during each study, using a 13-gauge Teflon catheter containing blood as a salt bridge between a large vein and a calomel electrode. This PD (2-5 mv) was used to convert lumen-skin PD to lumenblood PD.
The ionic makeup of jejunal contents on R. A. after a standard meal was measured by a previously described method (16) . Basal gastric acid secretion and peak response to histamine were measured using a Sargent pH meter, hydrogen ion concentration measured by method of Moore and Scarlata (17) .
RESULTS
Ileal chloride transport in R. A.
Chloride transport at varying electrochemical gradients. The ability of R. A.'s ileum to absorb or secrete chloride was assessed by varying lumen to blood electrochemical (EC) gradients. EC gradients were varied by altering sodium and chloride concentrations in perfused solutions. All (15) .
The ileal mucosa to blood electrical PD is discussed in a subsequent section, but for present purposes, it should be noted that PD was measured simultaneously Ileal sodium transport in R. A.
Sodium transport at varying sodium concentrations. Ileal sodium transport was measured during perfusion of the test solutions used to assess chloride transport. In these studies sodium was absorbed until lumen sodium concentration was as low as 62 mEq/liter, 78 mEq/liter below his plasma sodium concentration. However, as sodium concentration was lowered, sodium absorption was favored by a lumen positive electrical PD. By the Nernst equation, electrical PD would have to be at least 23 mv to account for passive sodium absorption down to a lumen sodium concentration of 62 mEq/liter. Measured electrical PD values did not exceed 17 mv in any of these studies, even at much lower lumen sodium concentrations, indicating that in R. A. ileal sodium absorption does occur against electrochemical gradients. When lumen sodium was less than 62 mEq/liter, sodium was secreted. In normal subjects sodium absorption occurs down to lumen concentration of 27 mEq/liter (15) .
Sodium absorption from balanced electrolyte solution.
Sodium absorption was measured in R. A.'s ileum on three occasions during perfusion of a balanced electrolyte solution, simulating the electrolyte composition of normal plasma. These studies are contrasted to similar studies in normal subjects in Table II . In all three instances he absorbed more sodium than did the normaI subjects. This sodium absorption occurred in the presence of a normal lumen to blood electrical PD (described in a subsequent section). Thus, the ability of R. A.'s ileum to absorb sodium from a balanced electrolyte solution is not impaired, and, in fact, is greater than that of any normal subjects we have studied.
Effec.t of bicarbonate on sodium absorption. In the studies of sodium absorption described in Table II , R. A. absorbed large amounts of bicarbonate along with sodium, whereas the normal subjects absorbed sodium chloride and secreted a small amount of bicarbonate. In order to see if sodium absorption and bicarbonate absorption in R. A. could be dissociated (that is, occur independently), sodium absorption from a bicarbonate-containing and a bicarbonate-free solution was measured and is shown in Table III . Both solutions had similar sodium and chloride concentrations. One solution contained bicarbonate, the other contained sulfate instead of bicarbonate. Both solutions were isotonic to plasma. As shown in Table III , omission of bicarbonate completely inhibited sodium absorption. Thus, ileal sodium absorption in R. A. requires the presence of bicarbonate in the lumen. In contrast, omission of bicarbonate does not reduce sodium absorption in normal subjects (12 (18) . The presence of a nonbicarbonate buffer such as phosphate theoretically should amplify the effect of hydrogen ion secretion on lumen Pco2 (18) . Changes in bicarbonate concentration, pH and Pco2 of bicarbonate-containing solutions from which bicarbonate was absorbed were measured and compared with changes in pH and Pco2 of control bicarbonate-free test solutions. The results are shown in Table IV . Seven solutions contained bicarbonate. As bicarbonate was absorbed, pH fell and Pco2 rose to 68-76 mm Hg. Three solutions contained no bicarbonate. The pH of these solutions approached 6.1, while Pco2 remained below 65 mm Hg. Thus, the lumen Pco2 becomes elevated when bicarbonate is present in the ileum. No effect of including phosphate buffer in the perfusate (solutions d and h) was apparent. Some bicarbonate-containing solutions (e, f, and g) were not equilibrated with C02 before infusion. These studies demonstrate a rise in Pco2 between proximal and distal sites, i.e., in the test segment where bicarbonate absorption was measured. Ileal hydrogen secretion might occur by at least two mechanisms. First, secretion of hydrogen against a concentration gradient might be passive, down an electrical gradient generated by active electrogenic sodium absorption. Alternately, hydrogen secretion might be against an electrochemical gradient, perhaps via a nonelectrogenic sodium-hydrogen exchange. In order to determine if this hydrogen ion secretion was in response to an electrical gradient, lumen to blood electrical PD was determined during perfusion of the balanced electrolyte solution (Table II , studies b and c). During study c, pH fell from 7.32 at the proximal collecting site down to 6.83 at the distal collecting site. Corresponding bicarbonate concentrations were 28.5 and 11.5 mEq/liter, respectively. Blood bicarbonate concentration was 39 mEq/liter during the study. Thus, the ileum was able to cause lumen bicarbonate concentration to fall to a value less than one-third the plasma bicarbonate concentration. Generation of such a bicarbonate concentration gradient by hydrogen ion movement down an electrical gradient would require a lumen to blood PD of at least 34 mv, lumen negative. Table II . In these studies, while lumen potassium concentration was approximately equal to serum concentration, no potassium secretion was observed during high rates of sodium absorption. Thus, these studies provide no evidence for the presence of a sodiumpotassium exchange.
Potassium in the ileum of normal subjects is believed to be transported passively (19, 20 Fig. 2 relates potassium concentration at the distal site to lumen sodium concentration in the 15 studies. As shown in the figure, at the lower lumen sodium concentrations, the distal potassium concentration was decreased. This relationship is not explicable on the basis of the potassium concentration of the perfusion solutions since each perfusion potassium concentration is equally represented at high and low sodium concentrations.
The electrical PD necessary to achieve the unequal distribution of potassium between lumen and blood in R. A. was estimated by the Nernst equation and is shown in Fig. 2 Gastric acid studies in R. A.
Gastric acid secretory studies revealed a basal acid secretory rate of 0.01 mEq/hr and a peak output of 26.5 mEq/hr. These results are well within the normal range of our laboratory. Thus, R. A. has no defect in gastric hydrochloric acid production.
Jejunal contents after a standard meal in R. A.
A standard steak meal with 10 g PEG was given to R. A. Subsequently, distal jejunal contents (150 cm from the teeth) were aspirated. Peak PEG, sodium, potassium, and chloride concentrations were 4600 mg/ 100 ml, 137 mEq/liter, 3.9 mEq/liter, and 115 mEq/ liter, respectively. All these values are well within the range of values found in normal subjects at that level of small intestine (16) . This suggests a normal jejunal effluent enters R. A.'s ileum.
Simulation of the defect of congenital alkalosis with diarrhea in normal subjects by perfusion of sodium sulfate-sodium phosphate solutions Sodium bicarbonate absorption. If the sole defect in R. A.'s ileum were the inability to actively absorb chloride, the absorption of sodium bicarbonate from the balanced electrolyte solution by R. A. should be simulated by normal subjects perfused with solutions in which chloride is replaced with poorly absorbed anions. In order to assess this possibility, a test solution, similar to the balanced electrolyte solution except for substitution of poorly absorbed sulfate and phosphate for chloride, was perfused in the ileum of 10 normal subjects. Mannitol was added to maintain all test solutions isotonic with plasma. As shown in Table VI , top panel, when this solution was perfused, normal subjects absorbed sodium bicarbonate, acidifying the perfusate. Thus, in the absence of chloride, normal subjects absorb sodium bicarbonate. These results are strikingly similar to the results in R. A. during perfusion of the balanced electrolyte solution ( Table II ) and indicate that congenital alkalosis with diarrhea can be closely simulated in normal subjects by perfusion of an electrolyte solution in which chloride is replaced by poorly absorbed anions. Absorption of sulfate and phosphate can be quantitated by calculating the anion gap. Thus, sulfate and phosphate absorption together was approximately 0.8 mEq/hr per 30 cm.
Mechanism of bicarbonate absorption. In order to determine if the mechanism of bicarbonate absorption from the chloride-free solution by normal subjects was hydrogen ion secretion (as in R. A.), lumen Pco, during bicarbonate absorption was compared with lumen Pco2 when bicarbonate was not being absorbed. This was done by perfusing two chloride-free solutions, one containing bicarbonate, the other containing no bicarbonate. Both solutions contained 14 mm phosphate (as a nonbicarbonate buffer). Results of these studies in 10 normal subjects are shown in Table VI . As bicarbonate was absorbed from the bicarbonate-containing solution, the Pco2 of ileal perfusate rose to consistently higher levels than during perfusion of the bicarbonatefree solution. Thus, the absorption of bicarbonate by normal subjects was associated with development of a high lumen Pco, in the presence of phosphate buffer. This indicates that ileal bicarbonate absorption in the absence of lumen chloride is mediated by hydrogen ion secretion.
PD during bicarbonate absorption. Lumen to skin PD was measured in six normal subjects perfused with these two chloride-free solutions, and the balanced electrolyte solution. A representative study is shown in Fig. 3 . PD was near zero with all three of these solutions. The five other studies gave similar results. Thus, there is no evidence that the hydrogen ion secretion noted with the chloride-free, bicarbonate-containing solution is down an electrical gradient. The bicarbonate concentration in the studies shown in Table VI fell to an average final concentration of 19 mEq/liter, representing a blood to lumen gradient of 1.3. Such a gradient, achieved passively, would require a lumen to blood PD of at least 8 mv, lumen negative. DISCUSSION The defect in congenital alkalosis with diarrhea. These studies demonstrate that R. A.'s ileum lacks the normal ability to absorb chloride actively. However, his ileum is not impermeable to chloride, as clearly shown by the near normal unidirectional chloride fluxes, and by the fact that chloride is readily absorbed or secreted passively in response to electrochemical gradients. The observation that raising lumen bicarbonate concentration increased chloride secretion down a concentration gradient suggests that in R. A., as in normal subjects, at least some passive chloride movement is via a chloride-bicarbonate exchange. The finding of a normal sodium diffusion potential when lunen sodium and chloride concentrations are simultaneously lowered suggests that R. A.'s ileum is able to discriminate between sodium and chloride in a normal manner.
Sodium absorption appears to be intact in R. A. In fact, he absorbed more sodium from the balanced electrolyte solution than did normals. These studies reveal no reason why ileal sodium absorption from the balanced electrolyte solution should be enhanced in R. A. However, because of his diarrhea, he is probably chronically salt depleted, and salt deprivation may indirectly stimulate ileal sodium absorption (21, 22) .
Potassium appears to be transported passively in R. A., in response to electrochemical gradients. No evidence was found for the presence of an ileal sodium-potassium exchange.
In R. A., sodium absorption was accompanied by bicarbonate absorption, whereas in normal subjects sodium and chloride are absorbed and bicarbonate is secreted. Furthermore, in R. A., but not in normals, lumen bicarbonate is required for sodium absorption to occur. This dependence of sodium absorption on lumen bicarbonate in R. A. indicates that absorption of sodium and bicarbonate are linked. The bicarbonate absorption in R. A. is associated with the development of high lumen Pco2, which suggests that apparent bicarbonate absorption is actually mediated by hydrogen ion secretion rather than transport of the bicarbonate ion itself. Since the hydrogen ion secretion occurred in the absence of a measurable PD across the ileal mucosa, these results, taken together, strongly suggest that R. A. absorbs sodium bicarbonate by a sodium-hydrogen exchange.
The results in R. A. can be explained to a remarkable degree by a single derangement in the double exchange model which has been proposed to explain normal ileal electrolyte transport (15) . According to this model (Fig. 4, left) , the normal ileal anion and cation exchanges operate at approximately the same rate, absorbing sodium and chloride in exchange for secreted hydrogen and bicarbonate. These secreted ions react in the lumen to form water and carbon dioxide. Passive ion movement in response to concentration gradients as well as active ion transport can occur via these exchanges. In normal subj ects both ion exchanges are active. In the patient with congenital alkalosis with diarrhea the cation exchange is active, but the anion exchange is passive.
The results of the present study suggest, as illustrated on the right side of Fig. 4 Relevance to normal physiology. Two models have been proposed to explain normal electrolyte absorption in the ileum. The double exchange model has already been described, and is illustrated in Fig. 4 . It is not possible to specify the location of these exchange processes or to equate the exchanges with biochemically characterized membrane electrolyte pumps. The double exchange model describes electrolyte transport between lumen and plasma and components of the model may reside on one or more of the several membranes that separate lumen and plasma. The other model envisions two electrogenic pumps-one for sodium and one for chloride (23) . In this second model, both pumps would generate an electrical PD, but if sodium and chloride were absorbed at the same rates, the mucosal negative PD generated by the sodium pump would be exactly cancelled by the mucosal positive PD generated by the chloride pump.
The study of a patient with a selective defect in active chloride absorption offers a unique opportunity to decide which of these models correctly describes normal ileal electrolyte transport. The observation that bicarbonate absorption in R. A. is associated with a rise in the Pco2 of lumen fluid suggests that bicarbonate removal is due to hydrogen secretion rather than to bicarbonate absorption per se. This would be predicted from the double exchange model. However, apparent bicarbonate absorption due to hydrogen secretion is also compatible with the double electrogenic pump model; i.e., in the absence of active chloride transport, hydrogen secretion could occur in response to a mucosal negative PD generated by the sodium pump.
Thus, the only way to decide which of the two models is correct, from a study of a patient with congenital alkalosis with diarrhea, is to measure ileal PD. The double exchange model would predict a PD near zero, whereas the double electrogenic pump model would predict a mucosal negative PD. The minimum values of PD required by the electrogenic pump model to explain the bicarbonate concentration gradient between ileal lumen and plasma in R. A. were calculated to be 21 and 34 mv, lumen negative. However, the observed PD values were zero and 3 mv, lumen positive. These results strongly support the double exchange rather than the double electrogenic pump model as the explanation for normal electrolyte absorption in the ileum.
Admittedly, this argument rests completely on accurate measurement of mucosal PD. However, since we measured ileal PD in R. A. on two separate occasions, and these values agree closely with values calculated from the potassium data, we believe our conclusion is correct.
